Advanced prostate cancer is characterized by incurable castration-resistant progression and osteoblastic bone metastasis. While androgen deprivation therapy remains the primary treatment for advanced prostate cancer, resistance inevitably develops. Importantly, mounting evidence indicates that androgen receptor (AR) signaling continues to play a critical role in the growth of advanced prostate cancer despite androgen deprivation. While the mechanisms of aberrant AR activation in advanced prostate cancer have been extensively studied, the downstream AR target genes involved in the progression of castration resistance are largely unknown. Here, we identify WNT7B as a direct AR target gene highly expressed in castration-resistant prostate cancer (CRPC) cells. Our results show that expression of WNT7B is necessary for the growth of prostate cancer cells and that this effect is enhanced under androgen-deprived conditions. Further analyses reveal that WNT7B promotes androgen-independent growth of CRPC cells likely through the activation of protein kinase C isozymes. Our results also show that prostate cancerproduced WNT7B induces osteoblast differentiation in vitro through a direct cell-cell interaction, and that WNT7B is upregulated in human prostate cancer xenografts that cause an osteoblastic reaction when grown in bone. Taken together, these results suggest that AR-regulated WNT7B signaling is critical for the growth of CRPC and development of the osteoblastic bone response characteristic of advanced prostate cancer. Mol Cancer Res; 11(5); 482-93. Ó2013 AACR.
Introduction
Prostate cancer is dependent on androgens for growth. While androgen deprivation therapy for advanced prostate cancer effectively reduces tumor burden, the disease typically recurs as incurable castration-resistant prostate cancer (CRPC). The progression of CRPC is often associated with metastases that occur primarily in bone (1) . While both osteolytic (bone lysing) and osteoblastic (bone forming) processes occur during prostate cancer bone metastasis, prostate cancer predominantly yields osteoblastic lesions, in contrast to the mostly osteolytic lesions observed in other cancers (lung, kidney, and breast). Studies suggest that tumor-induced osteoblastic and osteolytic activity may play different roles in promoting tumor growth (2) . While antiosteolytic therapies have been developed, they show limited effectiveness against osteoblastic bone disease in prostate cancer. Antiosteoblastic approaches still lack therapeutic targets and remain restricted to palliative radiotherapy and systemic chemotherapy (3) . Increased understanding of the mechanisms underlying castration resistance and osteoblastic bone metastases will provide opportunities to develop more effective therapies for advanced prostate cancer.
WNT signaling plays a central role in both developmental and oncogenic processes. There are 19 closely related WNT genes identified in humans. Secreted WNT proteins bind to the Frizzled receptors and other coreceptors at the plasma membrane and initiate canonical or noncanonical intracellular signaling cascades (4) . Canonical WNT signaling stabilizes intracellular b-catenin by preventing its phosphorylation-dependent degradation, resulting in transcriptional activation of WNT target genes. Noncanonical WNT signaling activates intracellular kinases such as c-Jun-NH 2 kinase (JNK), Ca 2þ /calmodulin-dependent protein kinase II (CaMKII), and protein kinase C (PKC). Aberrant WNT signaling has been linked to a number of cancers. In prostate cancer, nuclear b-catenin was frequently detected in advanced prostate cancer despite the infrequency of b-catenin mutations ($5%) in tumors (5, 6) . Gene expression profiles of prostate cancer often show overexpression of WNT ligands or underexpression of secreted WNT inhibitors (7) (8) (9) (10) . These changes are likely to be involved in enhancement of nuclear b-catenin and prostate cancer development and progression.
It is well known that AR signaling is essential during all phases of prostate cancer development and progression. While b-catenin is a coactivator for TCF/LEF transcription factors in the canonical WNT pathway, it also interacts with AR and enhances AR-mediated transcription in the presence of androgen (11) (12) (13) . Although cooperative gene regulation by AR and TCF/LEF transcription factors has been reported, these 2 transcription factors often compete for b-catenin, with both signaling pathways promoting cell growth (14, 15) . The relative importance of AR and TCF/LEF factors in prostate cancer growth depends on the expression levels of each component at any given time, as well as the local androgen levels. In the presence of androgen, activation of WNT/b-catenin signaling in AR-positive prostate cancer cells often acts through AR-dependent mechanisms rather than classical TCF/LEF-dependent mechanisms (16) .
Emerging evidence suggests that WNT signaling plays an important role during progression to CRPC. WNT signaling supports the survival and growth of prostate epithelial cells after androgen deprivation (17, 18) . Enhancement of the WNT/b-catenin pathway modulates AR signaling and augments AR transcriptional activity under androgendeprived conditions (19) . Interaction between AR and WNT signaling pathways in CRPC is also significantly increased in vivo (20) . Recent exome sequencing further revealed a significant enrichment of mutations in WNT signaling components in castration-resistant compared with paired castration-sensitive tumors (21) . While these results support the importance of WNT signaling in prostate cancer progression, the WNT members critical for CRPC growth and the mechanisms of WNT regulation and signaling in CRPC remain unclear.
Given the critical role of WNT signaling in the differentiation and activity of osteoblasts (22) , WNT signaling is likely to contribute to the development of prostate cancer osteoblastic bone metastasis. This is supported by evidence that the WNT antagonist DKK1 strongly inhibits bone formation in osteoblastic lesions (9) . It is unclear, however, which WNT ligands induce osteoblastic activity in prostate cancer bone metastasis and why osteoblastic lesions are often observed in prostate cancer given that WNT signaling is activated in other cancers as well.
In the present study, we have established a new connection between AR and WNT signaling with important implications for prostate cancer progression and bone metastasis. Our data show that WNT7B expression is regulated by AR, WNT7B remains at a high level in CRPC cells after androgen deprivation, and that WNT7B activates a noncanonical WNT signaling pathway promoting prostate cancer growth and survival after androgen deprivation. Furthermore, we show that prostate cancer-produced WNT7B is associated with osteoblastic responses in the bone. Given that AR is expressed in almost all prostate cancer cells and remains active even under castrated conditions, AR-regulated WNT7B signaling is likely one of the critical mechanisms underlying osteoblastic bone metastasis in advanced prostate cancer.
Materials and Methods

Cell lines and materials
LNCaP, C4-2B, 22RV1, HCT116, ST2, and C3H10T1/2 cells were maintained in cell culture medium with 10% FBS as previously described (23) (24) (25) . LAPC4 cells (from Dr. Charles Sawyers, University of California, Los Angeles; ref. 26) were maintained in RPMI-1640 with 20% FBS. All cell lines were frozen within 2 passages after receipt from the cell bank and used within less than 6 months after resuscitation. All prostate cancer cell lines were authenticated on the basis of growth, morphology, and RNA-sequencing results. Recombinant human WNT3A (R&D Systems) and 5a-dihydrotestosterone (DHT, Sigma-Aldrich) were purchased.
Stable prostate cancer cell lines with WNT7B knockdown or overexpression
For stable WNT7B knockdown, C4-2B cells were infected with lentiviruses encoding short hairpin RNA (shRNA) against human WNT7B or LacZ control for 24 hours, and selected with puromycin (1.5 mg/mL). Pooled populations were maintained in RPMI-1640 containing 10% FBS and puromycin. WNT7B knockdown efficiency was examined by quantitative reverse transcription PCR (qRT-PCR). The shRNA lentiviral vectors were obtained from the RNAi Core at Washington University (St. Louis, MO). The shRNA sequences are listed in Supplementary Table S1 . The pLKO.1 vector system was used to produce lentiviral particles. For stable WNT7B overexpression, viruses expressing mouse WNT7B and coexpressing GFP via an internal ribosome entry site were generated as previously described (25, 27) . LNCaP, C4-2B, and LAPC4 cells were infected with viruses expressing WNT7B or empty vector, and more than 90% infection efficiency was achieved as determined by GFP detection.
Western blot analysis
Whole-cell lysates were prepared from prostate cancer cells as indicated, proteins were separated on 4%-15% SDS-PAGE gels (Bio-Rad), and transferred onto polyvinylidene difluoride membranes. Blotted proteins were detected by the following antibodies: anti-WNT7B (AF3460; 1:1,000, R&D Systems), anti-AR (ab74272; 1:1,000, Abcam), anti-b-tubulin (sc-80011; 1:4,000, Santa Cruz Technology), anti-phospho-b-catenin (T41/S45; 9565, 1:1,000, Cell Signaling), anti-b-catenin (9582; 1:1,000, Cell Signaling), anti-phospho-MARCKS (2741; 1:250, Cell Signaling), anti-MARCKS (5607; 1:1,000, Cell Signaling), anti-lamin B1 (ab16048; 1:1,000, Abcam), anti-PKCa (sc-208; 1:2,000, Santa Cruz Technology), anti-PKCd (sc-937; 1:1,000, Santa Cruz Technology). Nuclear proteins were extracted using NE-PER Nuclear and Cytoplasmic Extraction Reagent Kit (Thermo Scientific). Membrane proteins were extracted using Mem-PER Eukaryotic Membrane Protein Extraction Reagent Kit (Thermo Scientific).
Chromatin immunoprecipitation
Chromatin immunoprecipitation (ChIP) analyses were conducted as described previously (23) . The primers for quantitative real-time PCR (qPCR) are listed in Supplementary Table S1 .
qRT-PCR
qRT-PCR was conducted as described previously (23) . Values are means AE SDs of triplicate wells. The primers are listed in Supplementary Table S1 .
RNA interference
A predesigned pool of 4 siRNA duplexes (Thermo Scientific) or single siRNA duplexes (Qiagen or IDT) against WNT7B, AR, b-catenin, PKCa, PKCd, and MARCKS were purchased. A nonspecific pool of 4 siRNA duplexes (siNS1) and 2 different nonspecific single siRNA duplexes (siNS2 and siNS3) were used as controls. All siRNA sequences are listed in Supplementary Table S1 . Cells were transfected with siRNA as indicated at a final concentration of 15 nmol/L using Lipofectamine RNAiMAX Transfection Reagent (Life Technologies) according to the manufacturer's instruction.
Cell proliferation
LNCaP (1 Â 10 4 cells/well), C4-2B (6 Â 10 3 cells/well), or 22RV1 (1 Â 10 4 cells/well) cells were plated in 96-well plates and transfected with gene-specific siRNA. Cells were maintained in phenol red-free RPMI-1640 containing 5% charcoal-stripped serum (CSS) with ethanol or 10 nmol/L DHT for 3 or 5 days. The number of viable cells was analyzed using the CCK-8 kit (Dojindo Molecular Technologies).
Soft agar colony formation assay
C4-2B cells with stable WNT7B knockdown or overexpression were plated in 24-well plate (2,000 cells/well). Cells were suspended in RPMI-1640 containing 10% FBS and 0.5% agar, and overlaid onto a solid layer of the same medium containing 1.0% agar. After 2-week incubation, colonies were counted and photographed at Â 40 magnification.
Apoptosis assay
LNCaP, C4-2B, or 22RV1 cells were grown in phenol red-free RPMI-1640 containing 5% CSS with ethanol or 10 nmol/L DHT for 3 days after WNT7B or nonspecific siRNA transfection. Cell apoptosis was determined by caspase-3 and -7 activities using Caspase-Glo 3/7 assay kit (Promega) or by DNA fragmentation using terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling (TUNEL) assay kit (Promega) according to the manufacturer's instruction. Osteoblast differentiation assay ST2 and C3H10T1/2 cells (1 Â 10 5 cells/well) transduced to overexpress WNT7B or vector control were seeded in a 12-well plate in a-minimum essential medium (a-MEM) and basal medium eagle (BME), respectively, with 10% FBS in the presence of 50 mg/mL ascorbic acid and 50 mmol/L b-glycerophosphate. After 1 week, the expression levels of osteoblast differentiation markers, alkaline phosphatase (ALP), and bone sialoprotein (BSP) were measured by qRT-PCR. ALP enzymatic activity was also measured as previously described (25, 27) . After 3 weeks of incubation, mineralization was examined using von Kossa staining as previously described (25, 27) .
In coculture experiments, ST2 or C3H10T1/2 cells (1 Â 10 5 cells/well) were seeded in a 12-well plate together with prostate cancer cells at 1:1 ratio. Prostate cancer cells were stably overexpressing WNT7B or transfected with WNT7B siRNA 1 day before coculture. The cells were grown in a-MEM or BME medium with 10% FBS in the presence of 50 mg/mL ascorbic acid and 50 mmol/L b-glycerophosphate. ST2 or C3H10T1/2 osteoblast differentiation was examined as described above.
Microarray data analysis
For gene expression from prostate cancer xenograft tumors, RNA was extracted from 24 LuCaP prostate cancer xenografts as described previously (28) and amplified and hybridized to Agilent 44K whole human genome expression oligonucleotide microarrays (Agilent Technologies). Probe labeling and hybridization were conducted following the Agilent suggested protocols, and fluorescent array images were collected using the Agilent DNA microarray scanner G2565BA. Agilent Feature Extraction Software was used to grid, extract, and normalize data. Differences in gene expression were analyzed via Welch test with the BenjaminiHochberg correction for multiple testing. WNT7B expression data from clinical prostate cancer tumors were obtained from the NCBI GEO database GSE2443 (29) and GSE3325 (30) , and analyzed using limma (31) .
Results
WNT7B expression is regulated by the AR in CRPC cells
Using RNA-seq, we examined WNT gene expression in androgen-dependent LNCaP and LNCaP-derived castration-resistant C4-2B cells in the presence and absence of 10 nmol/L DHT (23) . Of 19 WNT genes, WNT7B was the only WNT member found to be upregulated after DHT stimulation in both LNCaP and C4-2B cells. RNA-seq results for all WNT genes are presented in Supplementary  Table S2 . WNT7B expression results were confirmed by qRT-PCR and Western blot analysis (Fig. 1A and B) . Notably, the high level of WNT7B expression in C4-2B cells in the absence of androgen is comparable with the DHT-induced WNT7B expression levels in LNCaP cells, implying that WNT7B may play a role in androgen-independent growth of C4-2B cells.
ChIP-seq analyses of LNCaP and C4-2B cells revealed one strong AR binding site approximately 1.7 kb downstream of the transcription start site (within the first intron) and one weak AR binding site approximately 700 bp downstream of the 3 0 end of the WNT7B gene (Fig. 1C) . Both binding sites were validated by an independent site-specific ChIP-qPCR analysis (Fig. 1D) . Interestingly, we observed AR occupancy (5-fold enrichment over the control) at the weak AR-binding site (Site 1) in the absence of androgen in C4-2B cells but not in LNCaP. This is consistent with the fact that AR protein is more active, stable, and constitutively nuclear in CRPC cells (32) and may explain the higher basal expression of WNT7B in C4-2B cells under androgen-deprived conditions. Furthermore, the basal expression level of WNT7B in C4-2B cells was decreased more than 70% after knockdown of AR using 2 different AR siRNA (Fig. 1E) , indicating that WNT7B expression depends on AR even in androgendeprived conditions. We further examined AR-mediated WNT7B expression in an additional CRPC 22RV1 cell line. Notably, the AR was constitutively bound to the WNT7B locus (Site 2) in 22RV1 cells (5-fold enrichment over the control, Supplementary Fig. S1A ), which may be due to the predominant expression of an AR splice variant lacking the ligand-binding domain in this cell line (33) . WNT7B expression levels in the absence of androgen were similar to those in the presence of androgen ( Supplementary  Fig. S1B ) but decreased about 40% after RNA interference against AR ( Supplementary Fig. S1C and S1D ). Taken together, these results show that WNT7B is an AR target gene in both androgen-dependent and CRPC cells, and that WNT7B remains at a high level in CRPC cells in the absence of androgen due to distinct AR-binding events.
WNT7B is required for the growth of both androgendependent and castration-resistant prostate cancer cells
To investigate the potential oncogenic role of WNT7B in prostate cancer cells, we examined LNCaP and C4-2B cell proliferation after knockdown of WNT7B. A high The prostate specific antigen (PSA) enhancer site was used as a positive control. AR occupancy at the negative control region was defined as 1. E, C4-2B cells were grown in RPMI-1640 medium with 5% CSS for 2 days followed by AR siRNA transfection. qRT-PCR analyses of WNT7B mRNA levels were conducted 3 days after AR siRNA transfection. AR protein levels were examined by Western blot analysis in parallel (inset). Ã , P < 0.05; ÃÃ , P < 0.01, determined by a 2-tailed Student t test. GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
knockdown efficiency of WNT7B after RNA interference was confirmed by Western blot analysis ( Fig. 2A) . Knockdown of WNT7B significantly inhibited LNCaP and C4-2B growth (Fig. 2B) . Notably, WNT7B RNA interference abolished prostate cancer cell growth and resulted in cell death in the absence of androgen. Further analyses revealed that prostate cancer cell apoptosis substantially increased 3 days after WNT7B siRNA transfection as determined by caspase-3 and -7 activity assays (Fig. 2C) as well as TUNEL assays ( Fig. 2D; Supplementary Fig. S2 ). In line with the cell proliferation results, the most prominent apoptosis was observed in androgen-deprived conditions. To test whether overexpression of WNT7B promotes C4-2B proliferation, we established WNT7B-overexpressing LNCaP and C4-2B stable cell lines (Fig. 2E ). Overexpression of WNT7B had little effect on LNCaP and C4-2B cell proliferation (Fig. 2F) .
To further assess the role of WNT7B in prostate cancer progression, we conducted anchorage-independent colony formation assays on soft agar using C4-2B cells. Stable knockdown of WNT7B through lentiviral shRNA transduction ( Supplementary Fig. S3 ) significantly inhibited C4-2B cell anchorage-independent growth as indicated by both colony number and size (Fig. 2G ), whereas overexpression of WNT7B significantly increased C4-2B cell anchorage-independent growth (Fig. 2H) , suggestive of a potential role of WNT7B in prostate cancer progression. In addition, we found that WNT7B is also required for CRPC 22RV1 cell growth in both the presence and absence of androgen ( Supplementary Fig. S4 ). Taken together, these results support the notion that WNT7B is required for the growth of both androgen-dependent prostate cancer cells and CRPC cells under androgen-deprived conditions. Previous studies have shown that WNT7B is expressed in a subset of high-grade prostate cancer and bone metastasis specimens but not in normal prostate tissues (34) . To further investigate whether WNT7B is critical for prostate cancer progression, we analyzed 2 publicly available prostate cancer microarray datasets (29, 30) . Comparison between 10 untreated androgen-dependent primary tumors versus 10 androgen-independent primary tumors revealed that WNT7B is significantly upregulated at the primary site of patients with metastatic CRPC (Supplementary Fig. S5A ). WNT7B is also expressed at a higher level in hormonerefractory metastatic tumors compared with localized prostate tumors (Supplementary Fig. S5B ). These results are consistent with a role for WNT7B in promoting CRPC tumor growth.
WNT7B promotes CRPC growth after androgen deprivation through a noncanonical PKC pathway
We next sought to investigate mechanisms of the WNT7B-induced intracellular cascades responsible for C4-2B cell growth under androgen-deprived conditions. b-catenin is an important cofactor in the regulation of canonical WNT signaling as well as AR signaling. Therefore, we first investigated whether WNT7B alters b-catenin levels, phosphorylation, and nuclear translocation. Our results show that knockdown of endogenous WNT7B in C4-2B cells in the absence of androgen resulted in increased Thr41/ Ser45 phosphorylation of b-catenin and decreased total protein levels of b-catenin (Fig. 3A) . In contrast, overexpression of WNT7B slightly decreased Thr41/Ser45 phosphorylation of b-catenin, yet had little effect on total b-catenin protein levels. Importantly, while WNT7B had a modest effect on total b-catenin levels, no differences in nuclear b-catenin protein levels were detected. Confocal microscopy confirmed these results; b-catenin staining was present predominately at the cell membrane and diffused in the cytoplasm, and weak nuclear b-catenin staining was unaltered after knockdown or overexpression of WNT7B (Supplementary Fig. S6 ). We were unable to detect significant TCF/LEF activity in C4-2B cells using TOPFlash reporter assays (Fig. 3B) , and knockdown of b-catenin did not inhibit C4-2B cell growth in the absence of androgen (Fig. 3C) . These results indicate that b-catenin/TCF transcriptional signaling is unlikely to be involved in WNT7B-induced androgen-independent growth of C4-2B cells.
We have previously reported that WNT7B induces osteoblast differentiation through the PKCd-mediated noncanonical WNT signaling pathway (25) . In this study, we tested whether WNT7B stimulates androgen-independent C4-2B growth through PKC signaling, as shown in osteoblasts. We observed that phosphorylation of MARCKS, a prototypic substrate of PKC, was significantly reduced after knockdown of WNT7B and enhanced after overexpression of WNT7B in C4-2B cells in the absence of androgen (Fig.  3A) . The total protein levels of MARCKS were slightly decreased after WNT7B knockdown but not increased after WNT7B overexpression, indicating that alterations of phosphorylated MARCKS were unlikely to be attributable to changes in total protein levels. In fact, the change in total MARCKS levels may be secondary to altered phosphorylation, as phosphorylated MARCKS is more protected from proteolytic cleavage than the dephosphorylated form (35) . Previous studies have shown that PKCa and PKCd are abundantly expressed in prostate cancer cells and exhibit distinct functional properties (36) . Phosphorylation of MARCKS was effectively reduced by knockdown of either PKCa or PKCd (Fig. 4A and 4B) , implicating both PKC isozymes in regulation of MARCKS phosphorylation. Furthermore, knockdown of PKCa or PKCd inhibited C4-2B cell growth in the absence of androgen (Fig. 4C and 4D ), suggesting that both PKC isozymes are required for androgen-independent C4-2B cell proliferation. Interestingly, our RNA-seq and ChIP-seq results suggest that PKCa and PKCd are also direct AR target genes in C4-2B cells ( Supplementary Fig. S7 and Supplementary Table S2) . As a result, AR may bypass WNT7B and upregulate PKCa and PKCd directly in the presence of androgen, leading to functional compensation. This mechanism may explain why knockdown of WNT7B has less inhibitory effects on androgen-dependent prostate cancer growth (Fig. 2B) . Finally, knockdown of MARCKS also substantially affected C4-2B cell growth (Fig. 4E) , suggesting an important function of this gene in cell proliferation. Taken together, our results have suggested a previously undescribed PKC-mediated Figure 2 . WNT7B is necessary for androgen-dependent and CRPC cell growth. A, WNT7B protein levels were examined by Western blot analysis 3 days after WNT7B siRNA transfection. B, LNCaP and C4-2B cell proliferation was examined using CCK8 assays 3 and 5 days after WNT7B siRNA transfection in the presence or absence of 10 nmol/L DHT. C, Apoptosis assay with LNCaP and C4-2B cells showing caspase-3 and -7 activity 3 days after WNT7B siRNA transfection in the presence or absence of 10 nmol/L DHT. The results are presented as mean AE SD of 2 independent experiments. D, TUNEL assays were conducted under the same conditions as in (C). A total of 10 fields were photographed. Total number of cells and the number of TUNEL-positive cells in each field were counted and percentage of apoptotic cells was calculated. E, WNT7B-overexpressing stable prostate cancer cell lines were confirmed by Western blot analysis. F, LNCaP and C4-2B cells overexpressing WNT7B or vector control were grown in the presence or absence of 10 nmol/L DHT for 5 days before CCK8 assays. G, C4-2B cells with stable WNT7B knockdown (shWNT7B-1 and -2) or control knockdown (shLacZ) were examined in soft agar colony formation assays. The assays were conducted in RPMI-1640 medium containing 10% FBS. The colony number is presented as mean AE SD of 3 independent wells. The experiment was conducted for at least 3 independent times. H, WNT7B-overexpressing or vector control C4-2B cells were used in soft agar colony formation assays as in (G). Ã , P < 0.05; ÃÃ , P < 0.01; ÃÃÃ , P < 0.001; NS, not significant, determined by a 2-tailed Student t test. 
WNT7B promotes the development of osteoblastic bone reactions
The importance of WNT signaling in bone development has been well established (27) . Consistent with our previous results (25), we observed WNT7B-induced osteoblast differentiation in mouse bone marrow-derived stromal ST2 cells and mouse pluripotent mesenchymal C3H10T1/2 cells ( Supplementary Fig. S8A and S8B) . Increased osteoblastic activity after WNT7B overexpression was shown by increases in ALP enzymatic activity and mineralization. It should be noted that overexpression of WNT7B in C4-2B cells did not increase ALP activity and mineralization of C4-2B cells (Supplementary Fig. S8C ).
We next asked whether prostate cancer-produced WNT7B promotes osteoblast differentiation. Studies have suggested that WNT7B is highly insoluble after posttranslational modification and that WNT7B activation is likely mediated through a direct cell-cell interaction (37) . We observed enriched WNT7B protein on C4-2B cell membrane using immunofluorescence and Western blot analyses ( Supplementary Fig. S9A and S9B ). Conditioned medium from LNCaP and C4-2B cell culture had little effect on ST2 cell differentiation despite overexpression of WNT7B by these cells (Supplementary Fig. S9C ), suggesting that the lipid-modified WNT7B is likely linked to plasma membrane. We then cocultured C4-2B with ST2 cells in osteogenic medium and observed moderate increases in ALP activity and mineralization of ST2 cells. Both effects were diminished after WNT7B knockdown in C4-2B cells (Fig.  5A) . The mRNA levels of osteoblast differentiation markers, ALP and BSP, were decreased more than 50% as determined by qRT-PCR. Because we used primers specific for mouse genes, the mRNA levels of ALP and BSP reflected the expression of these 2 genes in ST2 cells. The expression of ALP and BSP were barely detectable in C4-2B cells using these primers (Supplementary Fig. S10 ). In addition, coculture of C4-2B cells overexpressing WNT7B with ST2 cells markedly enhanced ALP activity, mineralization, and ALP and BSP mRNA levels in ST2 cells (Fig. 5B) . Similar results were obtained with 2 additional prostate cancer cell lines. Overexpression of WNT7B in LNCaP or LAPC4 cells markedly promoted ST2 osteoblast differentiation in the coculture system (Supplementary Fig. S11 ). To examine whether these effects are specific for ST2 cells, we conducted similar assays on C3H10T1/2 cells. Coculture of WNT7B-overexpressing C4-2B cells with C3H10T1/2 cells dramatically enhanced ALP activity, mineralization, and ALP and BSP mRNA levels in C3H10T1/2 cells (Fig. 5C ). Similar effects were observed when C3H10T1/2 cells were cocultured with WNT7B-overexpressing LAPC4 cells (Supplementary Fig. S12 ). Thus, WNT7B produced from androgen-dependent and -independent prostate cancer cell lines can induce osteoblast differentiation.
WNT7B is upregulated in human prostate cancer tumors that cause osteoblastic lesions in bone metastasis
To further investigate the involvement of WNT7B in the osteoblastic reaction elicited by human prostate cancer tumor growth in the bone, we queried the levels of WNT7B in LuCaP prostate cancer xenografts (Supplementary Table  S3 ). LuCaP xenografts were established from primary and metastatic human prostate tumors. Twenty-one androgendependent LuCaP xenografts were grown in intact mice, whereas 3 castration-resistant variants (LuCaP 23.1V, LuCaP 35V, and LuCaP 96V) were grown in castrated mice. Of 24 xenograft tumors, 4 were AR-negative neuroendocrine tumors and expressed very low levels of WNT7B, consistent with the fact that WNT7B is an AR target gene. These 4 samples were excluded from further analyses. The xenograft tumors were grouped on the basis of whether they did or did not elicit an osteoblastic reaction when growing in the tibia of intact mice. Xenografts that elicit a large volume of new bone formation were designated as osteoblastic tumors, whereas the remaining tumors were classified as nonosteoblastic. Comparison of the mRNA expression levels of 8 WNT ligands in osteoblastic (n ¼ 5) and nonosteoblastic (osteolytic, mixed, and no reaction, n ¼ 15) xenografts showed that only WNT7B was overexpressed in prostate cancer xenografts that caused an osteoblastic reaction (Fig. 6 ). No differences were detected for WNTs3, 4, 5A, 5B, 6, 10B, and 11. Notably, the tumor with the highest WNT7B expression level (LuCaP 23.1) induces a robust bone reaction in the bone [see Fig. 2 in ref. 38] . A LuCaP 23.1-derived CRPC xenograft tumor (LuCaP 23.1V) continued to express WNT7B at a very high level and elicit osteoblastic lesions (Supplementary Table S3 ). These results indicate that WNT7B may play an important role in the osteoblastic reaction resulting from growth of prostate cancer in the bone. . WNT7B promotes androgen-independent C4-2B cell growth through the PKC signaling pathway. A and B, PKCa, PKCd, phosphorylated MARCKS (p-MARCKS), and MARCKS protein levels were examined by Western blot analysis 3 days after PKCa (A) or PKCd (B) RNA interference in C4-2B cells in the absence of androgen. C-E, C4-2B cell proliferation was examined using CCK8 assays 3 and 5 days after transfection with siPKCa (C), siPKCd (D), or siMARCKS (E) in the absence of androgen. MARCKS protein levels were examined by Western blot analysis 3 days after MARCKS RNA interference in C4-2B cells (inset). ÃÃÃ , P < 0.001, between nonspecific siRNA and gene-specific siRNA as determined by a 2-tailed Student t test.
Discussion
Despite androgen deprivation, AR signaling persists in CRPC through a variety of mechanisms. While it is believed that a subset of AR target genes remain transcriptionally active, major efforts have been made to understand which AR target genes are responsible for the growth of CRPC. Here, we report that WNT7B is an AR-regulated gene that is persistently upregulated in CRPC cells and promotes CRPC cell proliferation under androgen-deprived conditions. Our data also show that WNT7B produced by prostate cancer cells induces osteoblastic bone lesions, and that the WNT7B paracrine signal is mediated through a direct cell-cell interaction (Fig. 7) .
WNT-induced signaling pathways are cell-and contextdependent. We have shown that WNT7B promotes androgen-independent CRPC cell proliferation likely through a PKC-mediated noncanonical WNT pathway. A similar pathway was observed in WNT7B-induced osteoblast differentiation (25) . PKC proteins are a family of serine/ threonine kinases involved in the transduction of signals for cell proliferation, differentiation, and apoptosis. These isozymes may exhibit overlapping or opposing functions. While PKCa and PKCd generally function as proapoptotic proteins, they can also act as antiapoptotic proteins (39, 40) . Whether pro-or antiapoptotic functions are exhibited depends on cell type, stimulus, and stage of cancer Figure 5 . C4-2B-produced WNT7B promotes osteoblast differentiation. A, C4-2B cells were transfected with WNT7B siRNA (siWNT7B) or nonspecific siRNA (siNS1). After 24 hours, C4-2B cells were cocultured with ST2 cells in osteogenic medium. To determine osteoblastic activity of ST2 cells, alkaline phosphatase staining was conducted on day 7 and von Kossa staining for calcium deposits was conducted on day 21 (left). Mouse ALP and BSP mRNA levels were examined by qRT-PCR on day 7 (right). B, WNT7B-overexpressing C4-2B cells or vector control cells were cocultured with ST2 cells in osteogenic medium. The same assays were conducted as in (A). C, WNT7B-overexpressing C4-2B cells or vector control cells were cocultured with C3H10T1/2 cells in osteogenic medium. The same assays were conducted as in (A). Ã , P < 0.05; ÃÃ , P < 0.01, determined by a 2-tailed Student t test. development and progression. The specific role of each PKC isozyme in different types of cancers is not completely understood (36) . It is well documented that PKCa and PKCd mediate phorbol ester-induced apoptosis in prostate cancer cells (41) . Our data, however, suggest a novel oncogenic function of these 2 PKC isozymes through their role in WNT7B-induced proliferation of CRPC cells. MARCKS is a ubiquitously expressed substrate of PKC involved in cell adhesion, spreading, motility, and mitogenesis through actin cytoskeletal regulation (42, 43) . Upon phosphorylation by PKC, MARCKS translocates from the cell membrane to the cytosol, leading to actin rearrangement and enhanced cell migration and invasion. While our data show that MARCKS is required for the growth of CRPC cells, it is conceivable that WNT7B-induced phosphorylation of MARCKS may increase metastatic activity as observed in other cancer cells (44, 45) .
Prostate cancer cells secrete a number of osteogenic factors, such as endothlin-1 (ET-1), bone morphogenetic proteins (BMP), and WNTs. These factors promote differentiation of osteoblasts that, in turn, release growth factors that facilitate prostate cancer growth in bone. As a result, prostate cancer cells, capable of producing factors that induce bone formation, tend to survive and proliferate in bone. Several lines of evidence indicate that WNT signaling is likely the primary determinant of tumor-induced bone remodeling. It is well known that increasing DKK1 expression may convert prostate cancer cells from an osteoblastic to an osteolytic type. ET-1 may also increase bone formation by suppression of DKK1 (46) . WNTs promote BMP expression and modulate osteoblastic activity in prostate cancer bone metastasis (47) . The present study further supports the notion that AR-mediated upregulation of WNT signaling might play a major role in osteoblastic bone metastasis in advanced prostate cancer. Interestingly, WNT7B has been identified as an AR target gene in ER-negative breast cancer cells (48) , and approximately 10%-15% of breast cancer bone metastases display predominantly osteoblastic lesions (49) . Whether these bone lesions are associated with high AR activity and WNT7B expression is unknown.
Current antiandrogen therapies for advanced prostate cancer have focused on blocking AR ligand binding and androgen synthesis. While these novel therapies have been a major breakthrough, increases in survival have been measured in months. Our findings suggest a unique opportunity for development of more effective therapies by targeting the AR/WNT7B/PKC signaling cascade, which would inhibit 
